1 2 We used a chemical transport model to investigate the long-term 3 trends of sulfur deposition in East Asia during 1981-2005. The model 4 reproduced the observed spatial distributions in East Asia of the rate 5 of wet deposition of non-seasalt sulfate (nss-SO4 2-), volume-weighted 6 mean concentrations of nss-SO4 2in precipitation, precipitation, and 7 concentrations in air of gaseous sulfur dioxide and particulate 8 nss-SO4 2-. The model also reproduced well observed seasonal 9 variations and long-term trends of wet deposition of nss-SO4 2in 10 Japan from 1988 to 2005. The increasing rate of wet deposition of 11 nss-SO4 2in Japan during 1991-2005 was demonstrated with 99.9% 12 significance for both observed and modeled data. The annual rate of 13 total (wet + dry) sulfur deposition in Japan increased from 15.6 Gmol 14 S y -1 in 1981-1985 to 23.9 Gmol S y -1 in 2001-2005 in response to 15 both increasing contributions from Chinese emissions and the 16 eruption of Miyakejima volcano in 2000. During that 25-year period, 17 approximately 2.1% of the sulfur from Chinese emissions was 18 deposited in Japan. Over the same period, the rate of deposition of 19 sulfur in East Asia increased gradually from 14.2 mmol S m -2 y -1 to 20 24.0 mmol S m -2 y -1 , and the contribution of emissions from China to 21 total sulfur deposition in East Asia increased from 65% to 77%. The 22 contribution of Miyakejima volcano was 3% during 2001-2005. The 23 increase in the sulfur deposition rate was remarkably high on the 24 North China Plain, around Guangzhou, and south of Chongqing. The 25 rate of increase in East Asia was greatest in winter, although the 26 2 rate of sulfur deposition was highest in summer. Sulfur flux from 27 China to Japan increased by a factor of 2.5 at altitudes of 0-3000 m 28 from 1981 to 2005. 29 30 31 transport model; China; Miyakejima volcano 32 3 55 Deposition Survey (JADS). JADS data indicated that the wet deposition rate 56 of non-seasalt sulfate (nss-SO4 2-) in Japan decreased significantly from 1989 57 to 1998 (Seto et al., 2004). In 2000, monitoring of atmospheric deposition by 58 the Acid Deposition Monitoring Network in East Asia (EANET) commenced, 59 with the aim of creating a common understanding of acid deposition 60 problems in East Asia. Seto et al. (2007) analyzed EANET data from 61 2000-2004 and showed that continental emissions made a large contribution 62 to wet deposition of nss-SO4 2over remote areas in Japan during 63 4 high-deposition episodes. Considering the rapid increase of SO2 emissions in 64 China during 2000-2005 and the huge SO2 emissions from the eruption of 65 Miyakejima volcano in 2000 (Kajino et al., 2004; Lu et al., 2010), there is a 66 need to evaluate the trends of deposition of atmospheric sulfur in East Asia, 67 particularly since 2000. 68 Chemical transport models (CTMs) can provide a comprehensive 69 understanding of air pollution by simulating emissions, transportation, 70 chemical and aerosol processes, and deposition. CTMs are useful tools for 71 evaluating the factors controlling sulfur deposition as they can differentiate 72 deposition processes (e.g., dry or wet, gaseous or particulate) and quantify 73 source contributions. Several studies have estimated region-to-region 74 source-receptor (S/R) relationships for sulfur deposition in East Asia (e.g., 75 Arndt et al., 1998; Ichikawa et al., 1998; Lin et al., 2008) and improved our 76 understanding of origin of sulfur deposited in East Asia. However, few 77 modeling studies have addressed the need to understand the factors that 78 control the long-term trends of sulfur deposition in East Asia. 79 We evaluated the long-term trends of sulfur deposition in East Asia during 80 1981-2005 by using a Community Multiscale Air Quality (CMAQ) model and 81 Regional Emission inventory in Asia (REAS) data. Our objective was to 82 characterize the long-term trends of sulfur deposition. First, we compared 83 the results of our simulations with observational data (Section 3.1). Then, we 84 determined the long-term trends of the rate of sulfur deposition in Japan 85 from both the observed and simulated data and quantified the source 86 contributions (Sections 3.1 and 3.2). We also considered spatial and seasonal 87 variations of sulfur deposition in East Asia (Sections 3.3 and 3.4). Finally, we 88 evaluated the vertical variations of atmospheric sulfur from various sources 89 during 1981-2005 (Section 3.5).
Introduction 33
Deposition of atmospheric sulfur causes acidification of soil and water, 34 which is harmful to ecosystems (Krug and Frink, 1983; Likens et al., 1996) ; 35 thus, it is important to understand spatiotemporal variations of rates of 36 sulfur deposition. Dentener et al. (2006) showed that, in global terms, the (1995) . 150 The effective heights of the stacks of large point sources were uniformly set 151 to 240-675 m above ground level. Although there is uncertainty in the smoke 152 height, the influence of smoke height below 1000 m on dry deposition rate is 7 not significant at distances beyond 150 km from the emission source 154 (Hayami and Ichikawa, 2001) . The influence of smoke height on wet 155 deposition rate is expected to be smaller still, because wet deposition rate is 156 less sensitive than dry deposition to the vertical profile of atmospheric sulfur 157 concentrations. On the other hand, the effective injection height of volcanic 158 plumes was uniformly set to 1000-2500 m above the altitude of all active 159 volcanic craters in the study area. The influence of the effective injection 160 height (above 1000 m) on sulfur deposition was not estimated in previous 161 studies and this study. This point should be evaluated in future studies. 162 The modeling system we used has been applied previously for analyses of The EANET measurement sites were classified as remote, rural, or urban, 194 where remote sites were defined as those more than 50 km from large 195 pollution sources, rural sites were those between 20 and 50 km from such 196 sources, and urban sites were those less than 20 km from such sources. We 197 used the data from rural and remote sites in this study. Figure 1 and Table 1 198 provide the locations and other details of EANET monitoring sites used in 199 this analysis. The EANET data for monthly rates of wet deposition of 200 nss-SO4 2and volume-weighted mean concentrations of nss-SO4 2in 201 precipitation satisfy the EANET criteria for completeness of precipitation 202 data (Network center for EANET, 2006) . In this analysis, we set criteria for 203 monthly concentrations in air of gaseous SO2 and particulate SO4 (temporal data coverage of >80% in each month). To calculate annual 205 (seasonal) average deposition and concentration from EANET data, we 206 excluded data where less than 7 months (2 months) of data were available. 207 Details of the monitoring techniques, including sampling, chemical analysis, 208 definitions of data completeness, and quality control and quality assurance 209 are documented in the EANET monitoring manual (Network center for 210 EANET, 2000a EANET, , 2000b EANET, , 2001 EANET, , 2006 . Table 2 ). However, the model underestimated both of these in Chongqing 231 (ID = 1 and 2; see Fig. 1 and Table 1 ) and Xian (ID = 3-5) in China, yielding 232 results smaller than observations by factors of about 2-6 ( Table 2) . At The simulation reproduced 79% of observed annual precipitation values 250 within a factor of 2 ( Fig. 2c ), but the model consistently underestimated 251 precipitation at sites in China, Japan, Mongolia, and Korea ( Table 2 ). In 252 Japan, these underestimates were greater at the southern sites (ID = [13] [14] [15] [16] 253 than at the other sites (ID = 7-12) ( Table 2 ). In addition, Yoshida et al. (2006) 254 showed that RAMS, using the same setup as this study, reproduced the 255 11 temporal variations of temperature, wind speed, and precipitation well in 256 East Asia but underestimated the total precipitation amount in Japan and 257 the Pacific Ocean by 20-40%. 258 The model reproduced 60% and 75% of the observed concentrations of among these studies should reflect differences in the defined region of Japan, 15 the CTM used, the interannual variation of meteorology, and emission data. 380 We estimate that meteorological variation scatter these percentages less 381 than 0.42%, because the percentage of Chinese emissions deposited in Japan 382 was 1.26% in 2002 (maxima) and 0.84% in 1990 (minima) in this study. The 383 percentage of Chinese emissions deposited in Japan for each season was 384 estimated to be 1.21%, 0.84%, 0.91%, and 1.24%, in spring, summer, autumn, 385 and winter, respectively ( Fig. 7 ). These differences are attributed to seasonal 386 meteorological conditions (see Section 3.4). . 429 The proportion of wet deposition in total sulfur deposition from 1981 to 430 2005 was more than 85% on the Japan Sea side of northern Japan and 431 northeastern China, and less than 40% in the coast of the North China Plain 432 and Chongqing (Fig. 9c ). The proportion of wet deposition was relatively high 433 in areas of high rainfall ( Figs. 9c and 9d ). 434 The total rate of wet deposition was approximately twice the total rate of 435 dry deposition in East Asia ( from China to Japan was greater in spring and winter than in summer and 454 autumn ( Fig. 7) . Sulfur deposition was highest along the Japan Sea coast in 455 winter because of the influence of the winter monsoon ( Fig. 10d ). 456 The rate of increase in annual sulfur deposition averaged over East Asia 457 was 2.34% y -1 , 2.55% y -1 , 2.65% y -1 , and 2.79% y -1 for spring, summer, 458 autumn, and winter, respectively. The corresponding increases in Japan Figs. 11a and c) . On the other hand, 19 
Summary and conclusions 501
To clarify the long-term trends of sulfur deposition in East Asia, we 502 simulated spatiotemporal variations of sulfur deposition during 1981-2005. 503 We used the CMAQ three-dimensional regional CTM coupled with the RAMS Observed data with temporal coverage of 7 months or more in each 800 year were plotted (see Table 1 ). Annual means of simulated data 801 were determined as an average over the period for which observed 802 data were available. Table 1 . Details of EANET site locations (see Fig. 1 ) and available data. Table 4 Wet and dry gaseous SO2 and particulate nss-SO4 2deposition rates 13 from 1981 to 2005 in East Asia (analytical domain shown in Fig. 1 ). 14 
Wet

